





xMm% ' 



v«%^ 




Ontario 



Ministry of the 
Environment 



Hon. George A. Kef r, Q.C., Minister 
Everett Biggs, Deputy Minister 






El V ED 



Water Resources 
Paper 6 



ICEIVED 



a' 



A i 





.?"" ■ ^-^ E^H^^BH^WW^^^s^i^'' ' 


' " " J- 




ice Effects and 
Related Corrections to 
Winter Streamfiows 
in Smati Streams 


^ 


1 

1 


. 


5 '^^^^iWBL____S fj 


i' 

1 





Copyright Provisions and Restrictions on Copying: 

This Ontario Ministry of the Environment work is protected by Crown copyright 
(unless otherwise indicated), which is held by the Queen's Printer for Ontario. It 
may be reproduced for non-commercial purposes if credit is given and Crown 
copyright is acknowledged. 

It may not be reproduced, in all or in part, for any commercial purpose except 
under a licence from the Queen's Printer for Ontario. 

For information on reproducing Government of Ontario works, please contact 
ServiceOntario Publications at copyrishtfSlontario.ca 






WATER RESOURCES 
PAPER 6 



ICE EFFECTS AND RELATED CORRECTIONS TO 
WINTER STREAMFLOWS IN SBIALL STREAMS 

By 
R. B. Jaffray 



MINISTRY OF THE ENVIRONMENT 

WATER RESOURCES BRANCH 

TO BON TO ONTARIO 

1975 



■ •N!^i • H '■-.»■??)"»-■'?■-■ ■■;*- /"-"-i*? •^-- a /iss^ v^ ' ^- --';!'■•- ■'^.•■, ■•rr ■'■ -r \\(Tv- "",t- - i" ■■ ..»■■ - .-''.:|. ■"■■'.*.^ 



PREFACE 



In conducting hydrologic studies, the availability of 
accurate streamflow data often governs the reliability of 
the results of such studies and their pertinent conclusions 
and recommendations. In conducting these studies under the 
adverse winter conditions found in Ontario, specialised 
procedures have been adopted by the Ministry of the 
Environment staff, in an attempt to provide accurate 
records of streamflow in several representative basins for 
the International Hydrological Decade program. 

TOiis report outlines the various techniques that can 
be used to collect and analyse records of streamflow obtained 
during periods of ice formation. As an aid in the field 
measurement of streamflow and in the interpretation of ice- 
affected records , several precautions can be taken in attempt- 
ing to lessen the effects of the formation of ice in streams. 

The guidelines as presented in this report can be used 
by technicians and technologists working in the collection 
and analysis of streamflow data. 



G. H. Mills 



Toronto, March 1, 1975 



-P^1«^ ,.7y,F~-w=,^«..-T,pj|.j,,ppgg^T|,..,,«iE^-. ^St^'^f^l^^^^-i^^^^SV^l-^J^^^SV'^^^f' 



^'fW!' ,73!;SR^'?.ia»y-'-. "yt^w 



W ''Tpw^^y'-'far - 7.-vi»'^r»w-|K-i"!"i;'"i7=r -s^'--' ' 



TABLE OF CONTENTS 



PraiFACE 



ACKNOWLE DGEMEHT 



INT ED DUCT ION 



ICE FORMATION (GENERAL) 
Surface Ice 
Surface Ice Layering 
Frazil Ice 
Anchor Ice 



EFFECTS OF ICE ON THE STAGE-DISCHARGE RELATIONSHIP 6 

Surface Ice Effects 6 

Siphon Effects 7 

I ce Jamming 9 

Ice Channels 9 



Surface Ice Layering Effects 
Frazil Ice Effects 
Anchor Ice Effects 



10 
10 
10 



METHODS AND TECHNIQUES OF ICE CORRECTION 10 

Discharge Correction Method 11 

Gauge Height Correction Method 12 

Interpolated Correction Method 13 

CASE STUDIES - Ice Formation Effects on the 
Stream-stage Hydrograph and Consequent Corrections 14 

Surface Ice Corrections 15 

Siphon Corrections 18 

Ice Jamming Corrections 21 
Ice Channelling Corrections 22 

Surface Ice Layering Corrections 23 

Frazil Ice Corrections 23 

tochor Ice Corrections 24 



ICE PREVENTION 2 5 
Selection of Site and Control Structure Charac- 
teristics 25 
Ice Prevention in t^e Stream Channel 26 
Ice Prevention in the Gauge "•House Stilling 
Well and Intake Pipe 27 



Page 
CONCLUSIONS 29 

SELECTED REFERENCES 30 



APPENDICES 

Appendix A - Location Maps 

Appendix B - Stream-stage Hydrographs and 

Ice Corrections 

Appendix C - Ice Sheets 



-^S^^' ■".' -'>'•; . ■«--»?^ Y • -"■-•- • _f!?pffi-^fr■5y!f^;',.f^'-■W■^V4•"'"'., ■'f;i^>f,'^-sS;i"'- Y*'- ■•"^T'lf^'r/W^''^^ 



ACKNOWLE DGEMEN T 



Staff assistance in providing the essential information 
for the preparation of this report is gratefully acknowledged, 

The author, Mr. B. Jaffray, at the time of the writing 
I . of the report, was a technologist with the former River Basin 
^''■' Research Section of the Water Quantity Management Branch. 

:; Mr. Jaffray is now with the Ministry's Southwestern Region 
'^, <- (London, Ontario) in the Technical Support Group, 



■"iqf:. "• 1 ■•'•■■ , >•.• u ■• ' -v'-i-'f 



INTRODUCTION 

The former Mver Basin Research Section of the Ontario 
Ministry of the Environment contributed to the International 

Hydrological Decade program by studying the hydrologic condi- 
tions of five representative basins in Southern Ontario'.^ 

(Map 1, Appendix A), 

A portion of the work undertaken fovr this prO'gr.am dealt 
with instrumentation for the collection and analysis of stream- 
flow data in each basin. During the open-water period, records 

O'f flow, as determined for various stations within each basin, 
were derived using primarily twO' sources of information - a 
continuous hydro^graph of the stream water-level stage controlled 
by a critical stream crO'SS -section or an artificially con,structed 
'control', and a corresponding 'rating curve'" or' stage-discharge 
relationship derived from, instanteO'US discharge measurements at 
each station. The stage-discharge relationship was then applied 
to allow the calculation of continuous discharge records for 
cO'rresponding water-level readings to derive flow records for 
the open -water periods . 

In an attempt to^ provide accurate and continuO'US records o^f 
flow during the winter period, the data collection activity of 
the former River Basin Research Section was developed into a 
systematic operation, o^f field, observations accom,panied by 
individual office interpretations. 

This report deals with the collection and analysis of 

streamflow data for winte,r periods when ice phenomena, cause 
erratic changes to the recorded water-level stages. It also 
outlines the p,rocedures that can be followed in order to correct 
'these effects and obtain improved disGha,rges, 

'The water courses ox S'treams^ s'tudied in the IHD basins 
were relati'vely small in size, 'the average discharges d'uring 

'the winter periods being in, the range of 'two to four cubic feet 
per second (cfs). The maximum velO'City was 'us'ually less than 
1,3 feet per second, occur',rin,g in s't,ream, sections not grea'ter 
than 12 feet in width. 

As the representative basins 'were located in five different 
physiographic ,reg'ions , each having somewha't diffe,rent, physical and 
C'lim,atological environments, varying 'winter conditions existed 
in the basins and at the individual streamflow gauging stations 
within each basin. The interpretation of 'winter st,ream,f lows , 
therefcre , was carried O'Ut on an individual site basis, 'using 
the prior behavioural and functional knowledge of each of the 
specific sta'tions i,n question. 
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ICE FORMATION (GENERAL) 

During the autumn and early winter period, the water 
temperatures in streams begin to decrease due to heat losses 
at the air-water interface. The heat exchange at this surface 
is influenced by air temperature, net radiation, convection 
an d e vapo r at ion los s e s , 

The major factor influencing the rate of cooling of a 
stream is the difference between the mean air temperature and 
the mean water temperature. As stated by Newton's law of 
Cooling: 'The rate of cooling of a body is proportional to 
the difference in temperature between the body and its 
surroundings'. Heat losses can be due to other factors, such 
as net radiation, which will vary with the inclination of the 
sun, the percentage and type of cloud cover and the condition 
of the water surface. Convection losses will vary with the 
speed and direction of the wind, the degree of air turbulence 
and the air temperature. Evaporation losses will depend on 
the vapour pressure gradient existing between the surface 
of the water and the air mass, as well as the wind velocity 
and condition of the surface. 

The condition of the surface affects both radiation 
and evaporation losses by influencing the albedo, i.e. 
the amount of radiation that is reflected. With high albedo, 
heat losses from a water body to the atmosphere decrease. 
Heat loss from the stream is also influenced by the heat 
carried into and out of a stream section by the flowing 
water itself, by the heat received from ground-water 
discharging directly into the stream and by the heat exchange 
at the water-streambed interface. 

As the heat loss from the water surface continues , 
the cooled water on the surface is continuously replaced 
by warmer water from below. 

In small streams, as a result of the small amount of 
flow present and the shallow depths encountered, the water 
body is constantly being inter-mixed and the entire water 
section soon reaches a temperature of 320f. As the cooling 
continues , the water near the surface becomes supercooled 
and ice crystallization begins. In general, three types of 
ice - surface, frazil and anchor ice - can be observed to 
form under varying physical and atmospheric conditions. 

Surface Ice 

Surface, or sheet ice, is the most common type of ice 
formation, developing during below-freezing air temperatures 
and under certain flow velocities . 
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As previously outlined i, the ice- forming process is 
initiated as the water body is gradually cooled. As it 
reaches 32of, the upper layer O'f the water surface is super- 
cooled to a temperature slightly below that of freezing. 
Due to th,is supercooling, ice crystals begin to form on the 
surface of the water near the stream bank and on solid matter 
suspended or floating in th,e water. The rate of growth and 
th,e amount of ice that forms are determined by both the 
length and severity of the cold period and by the amount and 
temperature of extraneous inflow into the stream that may 
bring about additio^nal heat exchange:,, "Ihe ice fO'rmatiO'n 
is also affected by the velocity of the water, the character- 
istics of the streambed and by fluctuations in stage, 
caused by both natural and artificial constrictions, all o^f 
which tend to agitate the water surface. Surface ice will 
generally not form with water velocities greater than 1.5 
feet per second. 

If conditions are such that they continue tO' favo^ur ice 

growth, ice crystals continue to form at the water -ice 

interface, increasing the ice cover in extent and thickness 
until -Uie entire stream, surface is spanned. 

Once the initial ice layer h,as formed o^n the water 
surface, the changes in the growtti, of the layer will be 

dependent upon the heat exchange between, the water an,d the 
air th,rough the ice layer. The temperature gradient through 
the ice will decrease as the ice thickness increases and 
'th,is results in a gradually slower rate of ice growth at the 
wa te r- i ce in te r f ,ace ., 

The ice layer may also be thickened by the accumulation 
and, f,reezing of precipitatiO'n on the upper side of the ice 
cover. If there is an, insulating layer o^f snow O'n the ice, 
the temperature gradient will be fur'ther reduced and th,e rate 
of growth of the ice 'thickness will decrease accoxdingly . 

Specifically in relation to a streamflow gauging station, 
surface ice fo,rmatiO'ns first develop under the slower velocity 
conditiO'ns in, the areas immediately upstream and downs tre .am 
of the co^ntrol ,. ,At the same time, ice particles fO:rm, at the 
ends of the co^ntro'l where the water velO'Cities are also slower. 
'The faster water velocities in the center o^f the control 
retard the formation of ice in that area, {Photograph 1). 
With, th,e: continuing O'f depressed temperatures or the furthe,r 
d,ec,rease, in te,m,permt,u„res and consequent increased super- 
coO'ling of the water surface, ice fo,rmation progresses towards 
and a,rou,nd the cointrol. 

S urface Ice Layering 

During the winter period, as air temperatures increase 
to levels above freezing, the snow cover in a drainage basin 
begins to melt, producing runoff. Often, thaw conditions are 
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accompanied by rainfall which further contributes directly 
to the rate of snowmelt and runoff. If there is a thick 
initial surface ice layer on a stream, warmer temperatures 
may initiate surface runoff from land before the ice layer 
on the stream melts or is completely melted. These condi- 
tions can result in water flowing over the top of the sur- 
face ice. As the temperature of this water will be only 
slightly above freezing and as the water layer acts as 
insulation, the ice layer beneath the flowing water is not 
reduced significantly. When the air temperature returns to 
a freezing level or below, surface ice formation will 
begin, thereby producing a second layer of ice. An ice 
layering condition is thus produced that may have either 
flowing water or slush ice between the two ice layers. 
The freeze- thaw cycle can repeat itself to create a number 
of ice layers on a stream. 

in the field, the condition of ice layering cannot be 
readily recognized by visual inspection of either the frozen 
stream or the graphical chart record from a gauging station, 
but only by cutting a hole through the top surface ice to 
determine if there are other ice layers beneath* 

Frazil Ice 

Frazil ice forms in streams where the velocity of 
flow or wind disturbance on the surface is sufficient to 
prevent the formation of surface ice. Frazil ice formation 
begins with the appearance of thin circular ice disks 
which grow outwards from their edges to form flat 
'dendrites', which continue to grow outwards to produce 
needle-like fragments. These fragments form rapidly and 
group together into large, porous, spongy masses or packs. 
When a stream is not extremely turbulent, the frazil ice 
packs tend to remain submerged and adhere to each other, 
building up on underwater objects that have temperatures 
of 320F or less. The formation of frazil ice never occurs 
in quiet water under an ice cover but only under turbulent 
water conditions; however, it may be carried by water 
currents to jam and compact under a surface ice cover 
fur the r downs t re am .. 

Anchor Ice 

Anchor ice, which resembles frazil ice in structure, 
forms under the water surface in turbulent water areas of 
a stream channel and adheres to a streambed and objects 
in the streambed. Anchor ice usually forms between sunset 
and sunrise when the long-wave radiation emitted by objects 
to which the anchor ice can adhere is at a maximum. When 
heat is lost from submerged objects, the surrounding super- 
cooled water crystallizes on them. In the same manner as 
for the formation of frazil ice, anchor ice only builds up 
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below an open-water surface. Under a surface ice cover 
the insulating effect of the ice reduces the amount of 
escape to the atmosphere of long-wave radiation emitted 
by the streaitoed, thereby preventing anchor ice formation. 

During the daylight hours , a sufficient amount of 
short-wave radiation may be absorbed by the water to raise 
'th,e temperature O'f the water, causing the release of the 
anchor ice, toahor ice may also be released from the 
streambed when it has sufficient buoyancy to overcome the 
adhesive forces that hold it to the streambed. It then 
floats to the surface where it m.ay be washed away and 
compacted against or under surface ice further downstream.. 



Photograph 1 . 
Initial surface ice 
formatioTi at gauging 
station W-5, looking 
upstream 




Photograph 2. 
Anchor ice detached from 
streambed at gauging 
station B-3 
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EF FECTS OF ICE ON THE STAGE-DISCHARGE RELATIONSHIP 

Natural streamflow hydraulics are usually altered by 
the formation of any of the previously described ice forms ^ 
however/ the continuous recording of the water-level (gauge 
height) at streamflow gauging stations , and consequently 
the calculation of the corresponding discharges, are not 
affected by ice formations unless the ice produces physical 
changes, either directly or indirectly, to the controlling 
cross-section. The controlling section for a streamflow 
gauging station is that section of the stream (which can 
be a weir, series of rapids or a gravel bar, etc.) that 
produces a fixed water-level elevation for a specific 
discharge. 

If the controlling stream section is affected by ice 
formation, a false rise in gauge height is produced and the 
St age -discharge relationship developed for the open-water 
period can no longer be applied. Standard discharge 
calculation procedures, therefore, cannot be followed 
without first quantifying and correcting for the effects 
of the ice formation. 

Surface Ice Effects 

Surface ice will affect the controlling section by 
confining the cross-sectional area of discharge, thereby 
altering the stage. Surface ice may consist of a 
partial to full ice cover, complete ice cover bridging the 
control, or alternating layers of ice and water at the 
controlling section. 

03ie stage can also be affected by ice jams forming 
in the channel downstream of the control , thereby causing 
backwater allowing a rise in the water level sufficient to 
cause either partial or total submergence of the control. 

As surface ice begins to form and advances inward from 
tiie edges of a control, it also grows downward into the water 
section and may become attached to the material that 
comprises the controlling section. This will produce a 
restricting effect on the flow as the cross -sectional 
area of the normal open-water controlling section is subse- 
quently reduced. The flow is displaced upward, producing back- 
water in the weir pond and consequently a false gauge height 
recording. 

As the weir pond becomes frozen over, the backwater 
that is produced at the control results in a pressure against 
the under-surface of the ice. As the stilling well in the 
streambank, used for recording the water-level fluctuations, 
is directly connected to the weir pond, this pressure under 
the ice is transferred to the well and evidences itself as a 
false gauge height in the continuous recording of the 
streamflow hydrograph , 
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Note: When the water level reaches the 

lower stage ""'' thiero is 
nsuf ficient flow to cause it to be 
In contact with the ice nappej 
resulting in an air space, thus 
breakingi the siphon action , 

Descending woter levels as siphon 
action is in effect, 



Drawing 1. Theoretical illustration of siphon action at station B-t. 
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Depending on the velocity of flow over the co^ntrol and 'the' 
associated atmospheric conditions , the ice may eventually pro-' 
duce a complete cover over the control. When this occurs, a 
furtlier restriction may be placed on the flow, producing a larger 
amO'Unt of backwater. This restriction may not be cO'nstant O'Ver a 
long period O'f time but may vary, mainly with the air and stream 
temperatures, causing thB bridging layer of ice to further build 
up or melt. Ice bridging of the control, however, does not always 
have a restricting effect, as th.ere may be an air space between 
the water surface an,d the ice. 

Siphon Effect 

With the formation of surface ice at certain gauging statio^ns, 
a phenomenon described as 'siphon,'' action is sometimes produced. 
This situation generallY occurs at stations which have artificial 

controls and where there is distinguish^able free fall over the 
control. 

As indicated earlier, pressure is developed under the ice 
in th,e weir pond, causing a false rise in gauge height. Wi,th, 
flow continuously entering the weir pond, the pressure under the 
surface ice increases and in turn produces an increase in th,e 
flow velocity thrO'Ugh the enclosed conduit O'f the constricted 
cross-sectional area of the control. As this is a clO'Sed system, 
'the increase in velocity can result in a larger quantity O'f flow 
going through the constricted area of the control than is entering 
the weir po^nd. With, this increase in discharge, water is drawn 
out O'f the weir pond, reducing the confining pressure and causing 
the recorded stage to drop. Bie pressure and the recorded stage 
can continue to decrease, even to a point below that which would 
be the corresponding normal water-level recorded under open-water 
conditions. The siphon effect continues as long as a closed 
hydraulic system is maintained, i.e. until air enters the system 
at some point. 'Wh,en the water is flowing o^ut O'f the weir pond, 
the volume through the enclosed co^nduit at the cO'nstrioted area 
of the control is usually large enO'Ugh to keep the water nappe in 
contact with the covering ice nappe forraing the closed system. 
However, once the water level drops to a critical stage, there is 
insufficient pressure in the weir pond tO' retain the closed system 
and an air space is created between the wa,ter nappe and the ice 
nappe, thereby breaking the siphon action (Drawing 1). As the flow 
returns to pre-siphon conditions, discharge at tiie control is again 
restricted and increases less than the incoming streaniflow to the 
weir pO'nd .and ano'th,er siphon action results. 

An example O'f th,is phenomenon can be taken from streamflow" 
gauging station B^-l in th.e Bowmanville, Soper and WilmO't Creeks 
IHD representative basin, for the period of January 2 - 11, 196 8 
CMap 2, Appendix A). The stream-stage hydrograph (Figure 5, 

Appendix B) shows a false increase in gauge height caused by the 
restricting surface ice formed at the control during an extremely 
cold temperature period. During January 7 and 8, ice covered the 
weir pond, completely bridged the control and also formed on the 
surface of the water nappe discharging O'Ver the control. This ice 
nappe then became attached to the ice th,at had formed over the 
cO'ntrol spillway; in effect an enclosed co^nduit was produced O'Ver the 
cO'ntrol spillway- This co^nduit extended from ■th.e weir pond tO' the 
downstream spillway area (Photo-graph 3) , The stream-stage hydrO'graph 



for Station 1-1, (Figure 5, Appendix B) , shows that the formation 
and breaking of the siphon action can be a fast-occurring 
phenomenon. A complete siphon cycle can occur within two minutes. 

Tfie receding trace of the hydrograph from January 9-11 
indicates that the amount of backwater in the weir pond was 
gradually being reduced. This reduction in backwater can likely 
be attributed in part to a decrease in incoming streamflow. 
However, as a relatively constant discharge of ground water contributes 
to flow in this water-course, the reduction in backwater can also 
be attributed to a decrease in the thickness and the extent of 
the ice formation at the control. As the increase in the air 
temperature during this period was insufficient to cause a signi- 
ficant enough rise in the water temperature to produce any melting 
of the ice cover, it is assumed that the decrease in the ice at 
the control was caused by the effect of electrical heat in the 
control, combined to some extent with the erosive action of the 
water on the under-surf ace of the ice. 

When the amount of ice at the control decreased, the thickness 
of the ice nappe also decreased, thereby gradually reducing the 
magnitude of the fluctuation of the siphon effect. This is evident 
on the hydrograph during the period from 1445-2000 hours on 
January 9. Water pressures as a result of decreased backwater 
appear to have gradually declined until there was insufficient 
pressure in the weir pond to produce the velocity required to re- 
start the siphon action. 

The ice layer at the control and the consequent backwater 
appear to have gradually decreased until January 11, when no 
further effects on flow- conditions were evident. 

The following conditiona appear essential for the (development 
of a siphon action: 

li, Surface ice must completely bridge over the control, so that 
the normal croes-sectional area of flow is constricted and an 
ice nappe must form over the water nappe. If ice extends 
only up to the control, no ice nappe is present to create 
a closed siphon. 

Mm The normal air space between the under-surface of the 
ice and the water surface must be displaced by the 
backwater produced at the control. The system must 
form a closed conduit in order to produce siphon action. 
If the air space under the ice is connected to the 
atmosphere, the system is not a closed conduit and 
siphon action cannot occur. 

J* For a siphon action to start, a critical flow velocity 
over the control must be reached. This critical 
velocity will vary with the type of control and local 
ice conditions , 
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Siphon action is also explained by alternating pressures 
in an air space between the under-surface of the ice and the 
water (5), The writer believes, however, that siphon action 
is mainly caused by fluctuating water pressures under the ice 
and by increasing flow velocities at the controlling section j 
an air space only becoming evident when siphon action is 
disappearing. 

Ice Jamming 

At the beginning and the end of the ice-formation period, 
surface ice may not be prominent at a controlling section, but 
may form in other areas of the stream channel. The formation 
of surface ice in the stream channel will not usually directly 
affect the recorded gauge height at the control. In some 
instances, however, its formation in the downstream area could 
have a significant influence on the water-level fluctuations 
at the controlling section. For example, the formation of ice 
in the downstream channel may act as a barrier upon which 
floating ice may accumulate or jam. If a sufficient amount 
of ice builds up in this manner, the cross-sectional area 
of the channel may be reduced at that point and consequently 
the effective carrying capacity of the stream is reduced, 
resulting in backwatar. If ice jamming is of significant 
magnitude to produce backwater at the control, causing its 
submergence, a false gauge height can be recorded. 

Ice Channels 

Formation of ice in thm weir pond may alter the open- 
water flow pattern, if the underside of the ice forms 
unevenly. In forming unevenly, the underside of the ice 
cover may eventually create separated flow channels. These 
flow channels may or may not be connected and may have 
varying depths and consequently varying discharges. If an 
intake to tiie recording gauge is located in one of these 
channels , it will record only the gauge height and accompanying 
backwater for that channel. If the observer is unaware of 
the existence of this condition, he may assume that this is 
the effective gauge height for the complete section, whereas 
it may be an erroneous reading. 



Photograph 3. 

Ice nappe over control at 

gauging station B-1 
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Surface Ice Layering Effects 

Ice layering at both the controlling section and in 
the weir pond will affect the stage -discharge relation- 
ship. In both cases, the effects of water flowing over 
top of the initial ice layer will not be recorded unless 
there are holes in the ice connecting the first and 
second water layers; however, when the water layers are 
interconnected, the gauge height recorded includes the 
actual thickness of the initial ice layer, thereby 
producing a false gauge height. If ice forms on the 
second water layer, it may act as ordinary surface ice, 
and as in a single ice-layer system, constrict the total 
cross-sectional area and produce additional effects on 
the gauge height. 

Frazil Ice Effects 

The presence of frazil ice floating in the stream or 
compacted under or against the surface ice, tends to 
decrease the effective carrying capacity of the stream 
channel or the control. If ice build-up occurs in the 
stream channel, its effects may not be noticeable on the 
recorded gauge height; however, it may interfere with 
the taking of discharge measurements. Build up of frazil 
ice at the control or between the control and the gauge 
intake, can produce a false gauge height. 

Anchor Ice Effects 

When anchor ice forms on objects in the streambed, 
its sponge-like structure may retard water flow through it. 
This in effect decreases the capacity of the stream channel, 
resulting in an increase in stage at the point of formation 
and if the condition is severe enough, a false gauge height 
reading on the recorder. With the formation of anchor ice 
downstream of the control, the effective cross-sectional 
area of the channel will be reduced and sufficient backwater 
may be produced to cause partial or total submergence of 
the control. When the anchor ice forms at the control, 
a direct increase in stage can again result. Like frazil 
ice, the presence of anchor ice in the stream channel may 
affect the taking of discharge measurements. 

As anchor ice usually forms at night, the backwater 
produced by it will likely be greatest during the early 
hours of the day. Because anchor ice does not form under 
an ice cover, the problems associated with it usually occur 
during the start of the freeze-up period, until surface ice 
has formed. 

METHODS AND TECHNIQUES OF ICE CQRI^CTION 

In examining the effects of ice formation on streamflow 
hydraulicas as previously described, it can be seen that all 
types of ice formation can affect the stage -discharge relationship 
by altering the stage. This change in stage is usually an increase 
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due to the conBtricting effect at tii,e controlling section and/or 
other changes in hydraulic characteristics of the channel caused 
by the ice formations, ' • 

"Bie applicatioin of ice corrections, ox 'backwater cO'rrectiO'ns ' , 
to attempt to quantify the actual change in stage caused by the 
ice, requires a thorough operational knowledge of each individual 
streamflow gauging station. This includes f.amiliarity wi'th the 
type, condition and lO'catio^n O'f the controlling section and the 
ice fo:rmations that can occur at 'th.e site, Wi'th, this knowledge and 
wi'th daily me teO'rO' logical recoirds of maximum and minimum air tem- 
peratures, data on daily precipitation, and actual flow measurements, 
various techniques fO'r ice corrections can be applied tO' 'th,e ice- 
affected discharge records. 

D;ig_ch_;arge Correction Method 

Under conditions where significant flow can be found under the 
surface ice cover, the most common method of arriving at ice 
correctiO'ns involves the measurement O'f actual discharges at 
various times during the ice-affected period. These discharges can 
be used in various ways, in conjunction with 'the O'pen'-water stage- 
discharge relationship, to correct hydrograph plots of continuous 
O'r mean daily ice-affected gauge heights or discharges. 

Due to the relatively small stream channels and discharges at 

the streamflow gauging stations , it may be impossible to ob'tain 
accurate discharge measurements under a hea'vy surface ice cover. 
Often when a section of heavy ice cover is removed very little 
clearance is fo'und between the under-surface of the ice and the 
streairdbed, thereby making it virtually impossible to obtain accurate 
depth and velocity readings. A great amount of manpower and time: 
is also' required to manually clear a sufficiently large section 
of heavy ice cover so that stream turbulence is eliminated to allow 
for a proper discharge measurement. 

As an experiment in the IHD representative bas^ins under study,. 
a few discharge measurements were taken during the past winter 
periods using the method described above (Photograph 4) ; however, 
it was found that not enough reliability could be placed on the 
results in order to use them, for accurate ice corrections. 



Photograph 4. 

Discharge measureiieiit through 
hea¥y ice cover at gauging 
St at ion 5-2 
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Gauge Height Correction Method 

Because of the inability to obtain accurate ice corrections 
using the discharge correction method at some stations, another 
method of correcting gauge heights may be used, to allow the 
application of the open-water stage-discharge relationship. 

To obtain the open-water gauge height from an ice-affected 
gauge height, the ice that is causing the constriction and back- 
water must be recognized and removed. Surface ice build-up at the 
control, resulting in backwater generally is the most common cause 
of false gauge heights. To alleviate the resulting backwater, the 
ice at the control can be removed manually, usually bv chopping the 
section clear with hand-tools (Photograph 5) . As ice is being 
cleared from these controls, care must be taken not to damage or 
disturb the control, as the open-water stage-discharge relationship 
could then be altered. To ensure that open-water conditions remain 
in effect as long as possible after the control has been cleared, 
the weir pond and a corresponding area downstream of the control 
should also be totally cleared of surface ice. This will tend to 
retard the re-formation of ice at the control. 



\ 



^■\ 



I 



Photograph 5. 

Clearing ice weir pond and control 

at gauging station 0-4 




Once the control is clear of ice it should be noted if any 
evidence of backwater at tlie control remains. If the control is 
partially or totally submerged, the cause may be due to anchor ice or 
ice jamming in the downstream channel. These ice conditions must be 
eliminated. To relieve the backwater caused by anchor ice, the porous 
mass must be detached from the streambed, if possible. In relatively 
shallow streams this can be accomplished by simply walking through 
the anchor ice and breaking it up. Care must be taken that the anchor 
ice which is detached does not jam with surface ice further downstream. 

If backwater from jammed floating surface ice is causing submer- 
gence of the control, an attempt should be made to eliminate the cause. 
With large quantities of jammed ice and relatively flat channel slopes, 
however, all backwater cannot always be totally eliminated. 

With the ice conditions causing the false gauge heights removed, 
open-water conditions will come into effect. The differences between 
false gauge heights and open-water gauge heights yield gauge height 
corrections which can be interpolated and applied to the ice-affected 
records for the period in question. 

iiAlg- n ■ . ,, - .• .if'?',," ,1 ii^r. 
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Interpolated Correction Method 

ttoen ei/ther tlie discharge or gauge height eorreation 
methods are used, a number of instantaneous correction 
points are obtained. As the degree of these corrections will 
not be constant when applied to the periods between the 
corrections, another method has to be used to interpolate 
the correctiO'n values for these interim periods. 'This me'thO'd 
employs the fact that variatiO'ns in discharge can often be 
correlated with variations in air tem.perature , precipita- 
tion and ice fomiation. The main factor probably is 
temperature I as it predominantly regulates ice growth. 

Before discussing the applicatio'n of this method of 
correction, it is necessary to consider the effects on the 
stream-stage hydrograph of some changing physical conditions 
at a gauging station. Under general conditio'ns , the amount 
O'f backwater due to ice build-up will increase and th,e 
discharge will decrease with decreasing temperatures. In 
examining a period of streamflow record, an indicatlo'n O'f 
backwater due tO' ice may be evident on - the stream-stage 
hydrograph as a steeper slope of the trace on the falling 
stage than on the rising stage of the graph. Commonly, in 
the open-water periO'd, the graphical siope of the rising 
stage is steeper than that of the falling stage. As an 
example, this is evident on the stream,- stage hydrO'graph 
C Figure 1, Appendix B) taken from streamflow gauging station 
S-2 (Map 2 , Appendix B) . "The trace of the hydrO'graph on 
March 25, 26, 27 and April 2, 1970, indicates typical open- 
water cQ'nditions with the slopes of the rising stages being 
steeper than the slopes of the receding stages. The receding 
portions O'f the hydrograph on March 29 at 80'0 hours, 
March 30 at 0'830 hours and on March 31 at 800 hours, probably 
indicate that the control was not operating under natural 
open-water conditions. The receding slopes of the hydrographs 
in 'these cases are steeper toan the rising slopes. The prevail- 
ing below-freezing temperatures support the fact that the 
increases in gauge heights were caused by ice fO:rmations , 
rather than by possible increases in runoff. 

Ice effects on the hydrograph may at times show as 
sharp, erratic fluctuations o^f very small amplitude. These, 
however, may not always be indicative O'f backwater where an 
ice correction should be applied, as they may be of 
insignificant magnitude. 

Witli a sudden and extreme drop in temperature, a stream- 
stage hydro^graph may show a sharp decrease in gauge height, 
■This m,ay be due tO' a corresponding decrease in ground-water 
discharge (base flow) into the stream, likely caused by 
partial freezing of the streamb'anks , Such storage accumulated 
in the banks would likely be released into the stream, as 
increased baseflow when temperatures rise. With decreasi,ng 
temperatures, some of the decreasing streamflow observed may 
be attributed to water being taken into storage as ice in the 
ch,an,nel , 
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A sharp decrease in stage may also be due to ice 
jamming upstream of a station, resulting in channel 
storage and decreased downstream flow. Consequently, 
when the water that was retained is released or the channel 
storage is exceeded, there can be a quick recovery of 
the water-level stage comparable to that under open-water 
conditions , and usually to a stage above-normal open-water 
conditions , even though air temperatures may remain below 
freezing. It should also be pointed out that an above- 
normal open-water condition of gauge height, as recorded 
on the hydrograph , may also be partially caused by back- 
water from an ice-constricted control. 

As the flow gradually stabilizes to the stage where 
there appears to be no backwater at the control, the low 
point on the hydrograph can usually be considered as 
minimum flow or baseflow conditions for the period. This 
provides one other point of true gauge height to which 
ice-affected gauge heights can be interpolated and 
corrected. 

During the winter period, the major portion of all 
streamflow is received directly from ground-water discharge. 
As the lower baseflows for the year generally occur during 
the period of September-October, the baseflow values during 
this period can also be used as approximate guidelines for 
determining baseflow during the ice-affected periods. 
During periods between points of corrected gauge heights , 
if there is no direct surface runoff, (i.e. below- freezing 
temperatures and no rainfall) , the flow can be interpolated 
as being totally baseflow. 

Keeping in mind the conditions described above, and 
using data on air temperature, precipitation and ice- 
formation records , with the occasional total gauge height 
correction determined through ice clearing, ice corrections 
can be interpolated and applied to arrive at reasonably 
accurate winter streamflow records. The accuracy will 
depend upon the frequency of total ice corrections obtained 
in the field and their proper application to the hydrograph 
under the various ice conditions encountered. 

CASE STUDIES - Ice Formation Effects on the 

St re am- St age Hydrograph and 
Consequent Corrections 

In correcting the ice-affected records for the streamflow 
gauging stations under study by the Water Resources Branch, the 
gauge height correction method and the interpolated correction 
method are applied directly to the actual stream-stage hydrograph. 
As hourly fluctuations which may be significant in such cases 
can be taken into direct consideration and considering the small 
flows encountered, these appear to be the most accurate techniques. 
As ice formations and the accompanying false gauge heights are 
never constant for an extended period of time, and as the actual 
true gauge heights are obtained only occasionally in the field, 
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the ice corrections that are applied using the interpolated 
correction method can only be considered as estimates. The follow- 
ing caee descriptions , taken from the IHD representative basin 
streamflow gauging station network, illustrate the false gauge 
height hydrographs as produced by the various ice forms, and the 
corresponding corrections applied. 

Surface Ice Corrections 



1. h simple, accurate surface ice correction is illustrated 
at streamflow gauging station B-1 (Map 2, Appendix A) 
for the period of January 27-30, 19 69 (Figure 2, Appendix B) , 
Corrections of gauge height obtained in the field at this 
station can be taken as quite reliable, as the broad- 
crested, concrete control is heated, thereby preventing 
any ice from adhering strongly to the control and allowing 
for easy ice clearing. This ensures that all backwater 
caused by constriction at the control can be easily eliminated. 

Following a mild period ending on January 24, with the 
subsequent decrease in temperature , the natural flow due to runoff 
began to taper off. On January 27, the stage increased for no 
apparent reason. A field observation and subsequent gauge height 
correction obtained by clearing ice from the control, showed that 
the increase was due to ice build-up at the control (Photograph 6) . 
On January 28-29, the control again appeared partially blocked, 
probably due to ice forming with the lowered temperatures. A 
straight line, approximately representing the base flow evident on 
January 23, was used to apply the ice correction for this period. 
The increase in temperature and the precipitation on January 29-30 
produced a natural increase in streamflow as is indicated by the 
change in the expected slope of the descending stage of the hydro- 
graph. The small erratic fluctuations from 2330 hours on January 29 
to 1200 hours on January 30 probably indicate, that although there 
was a natural increase in streamflow, the gauge height was still 
being affected by ice. An ice correction was applied to take this 
into consideration. 



Photograph 6. 
Surface ice formation at 
gauging station B-1, 
looking upstreani 
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1* The presence of ice at the controlling section is not always 
an indication that an ice correction will have to be made to 

'•' the recorded hydrograph. This is evident from the records at 
streamflow gauging station W-3 (Map 2, Appendix A), for the 
observation on December 28, 1970 (Figure 3, Appendix B) . When 
the ice cover that was completely covering the control was cleared 
(Ice Sheet 1, Appendix C) , no change in gauge height occurred; 
therefore, no correction was necessary. The ice sheet (observation 
of ice condition) indicated that the ice was completely bridging 
. the flow but it was observed that the flow was not constricted. 
The increase in stage from December 21-23, however, was not 
likely caused by an increase in natural streamflow, as confirmed 
by' the meteorological data (i.e. temperature below freezing and 
negligible precipitation) . The increase may have been due to the 
initial formation of the ice conditions that were observed and 
cleared on December 28. 

The sharp decrease in flow recorded on December 18 was probably 
due to accumulated channel storage upstream of the recording 
station, perhaps as a result of ice jamming. The subsequent rise 
in stage was then due to release of the water held in storage. 
The flow at this time was not significantly affected by ice, as 
the center of the control, which contained the low flows, was 
observed to be free of ice (Ice Sheet 2, Appendix C) . 

The sharp decrease in flow on December 21 was likely due to 
retention of ground-water flow in the streambanks caused by the 
decrease in temperature. This phenomenon can be verified as 
a decrease in baseflow as similar sharp decreases in gauge height 
were also recorded at streamflow gauging stations W-4, W-2 and 
S-3 (Map 2, Appendix A), 

I* Records from streamflow gauging stations S-3 (Map 2, Appendix A), 
from December 29, 196 7 to January 23, 196 8, (figures 4^_, 4b, and 
4c , Appendix B) show the interpolation and application of ice 
corrections over a long period of time, using meteorological data 
and observations of ice formation, to obtain the final total 
corrections. On December 29, a sudden increase in stage occurred 
as the ice was cleared from the weir pond (Ice Sheet 3, Appendix 
C) and became caught on the control; it was not removed and thus 
p ro d u ce d b a ck w a t e r , 

The rapid decrease in stage on January 1 corresponds to a sharp 
drop in temperature during the night, resulting in a significant 
decrease of flow. The subsequent recovery of the hydrograph must 
be dampened by applying an ice correction to take into considera^ 
tion the fact that there was ice on the controlling section, as 
indicated by the descending portion of the hydrograph being steeper 
than the ascending portion. As can be seen from ice sheets 4-6, 
Appendix C, the surface ice formation at the controlling section 
covered a progressively larger area as temperatures continued 
below freezing. This resulted in progressively larger amounts of 
backwater being produced, as is evident by the rising peaks of the 
erratically fluctuating hydrograph until January 16. 

On January 1, 5, 7, and 8, the water level is considered to have 
dropped to the point where the normal open-water cross-sectional 
area of the control was no longer constricted by the ice formation - 
These decreases in stage are considered to have been due to decreases 
in ground-water inflow to the stream. Similar decreases in stage 
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were recorded at nearby streamflow gauging stations S~2 and 
B-4 (Map 2, Appendix A) on the saitie dates. The low-flow points 
on the hydrograph for these dates are considered as being under 
open-water flow conditions and were used to apply ice corrections 
to the adjacent ice-affected records. All interpolated ice 
corrections applied between these points and the total correction 
obtained by clearing the ice from the control (Ice Sheet 7, 
Appendix C) on January 18, can be considered to yield estimates 
of the winter baseflow. The small, sharp, erratic fluctuations 
recorded during parts of this period also indicate that ice was 
forming at the controlling section. 

Ihe gauge height correction obtained by clearing the surface 
ice from the controlling section (Ice Sheet 7, Appendix C) on 
January 18, (Figure 4c, Appendix B) is representative of a 
typical, surface ice correction. When the ice was cleared from 
the pond it floated downstream and jammed on the control. The 
resulting backwater is indicated on the hydrograph as the 
instantaneous increase in the gauge height; this was immediately 
relieved by removing the jammed ice from the control and a total 
correction was obtained. The same type of effect could result 
if the ice jamming occurred downstream of the control, causing 
submergence of the control. The erratic fluctuations on January 
18 and 19 indicate that ice was re-forming on the control, but 
was of insufficient magnitude to produce a false gauge height. 

Photograph 7 of gauging station 0-4 (Map 3, Appendix A) illus- 
trates the effect of surface ice during the spring breakup. 
The surface ice that was floating in the weir pond became 
caught on the control. This produced a false gauge height as 
the open-water cross -sectional area of the control was reduced. 
As a gauge height eorrection was not obtained during the obser- 
vation, the magnitude of the ice correction had to be inter- 
polated from adjoining portions of the hydrograph record. 



Photograph 7. 
Surface ice caught on the 
control during spring 
break-up at gauging 
station 0-4 
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The methods of interpretation and application of 
ice corrections previously described are typical 
of those applied to correct false gauge heights 
■ caused by surface ice formations at various 
controlling sections. 

Siphon Corrections 

The typical effect of siphon action on the stream-stage 
hydrograph was previously explained under the heading 
'Effects of Ice on the Stage-Discharge Relationship' . 
At station B-1 during the period from January 7-11, 19 68, 
(Figure 5, Appendix B) , the ice correction can be assumed 
to be a straight line correction. Because of the 
continuous below- freezing temperatures there was no increase 
in flow. The corrected flow is approximately equal to the 
winter base flow as illustrated by the constant stream-stage 
hydrograph prior to the start of siphon action. 

The siphon action always appears to work on the 
principle previously explained, but the corrections obtained 
by manually clearing ice from the control are not always 
consistent. Various siphon effects and the consequent 
corrections are shown by the following examples taken from 
several streamflow gauging stations in the IHD representative 
basins. 

1« At gauging station B-1, the siphon effect was again 

produced during the period February 11-14, 1968 (Figure 6, 
Appendix B) . The effect of this siphon, however, 
contrasts with that of January 8-9 (Figure 5, Appendix B) , 
as the minimum siphon effect occurred at the start and 
increased in amplitude as the thickness of the ice nappe 
increased. This record indicates that a single siphon 
cycle can remain in effect over varying lengths of time, 
as indicated by the continuous fluctuations on February 
11-12, the 15-30 minute durations between cycles during 
February 12, the 10-hour duration during February 12-13 
and the 17-hour duration during February 13-14. When 
a site observation was made on February 14 , the siphon 
• was in effect but with the clearing of ice from the 

^?.^ ,. control (Ice Sheet 8, Appendix C) , the open-water stage 
for that discharge was obtained. During the period 
February 10-14, all temperatures were below freezing 
- ; and as the baseflow following the clearing of the 
control on February 14 remained constant, it can be 
assumed that the baseflow was also constant during the 

:*;> siphon period. 

When the correction was obtained on February 14, the 
occurrence of a siphon was verified as the water level 
in the weir pond had been below that for baseflow during 
open-water conditions. The fact that the gauge height 
was recorded above the actual open-water stage verifies 
the fact that the siphon effect was caused by water pressure 
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build-up in the weir pondi probably due to constriction 
of the area at the control. 

Streamflow gauging station W-3 (Location Map 2, Appendix A) 
is another location at which siphon action has been observed 
The siphon effect at tiiis station extended over a long 
period of time. This was due to the fact that the ice 
adhered directly to the non-heated, broad-crested, concrete- 
capped gabion control. The amount of f reef all over the 
control was such that it lent itself readily to ice- 
bridging over the control and the formation of an ice nappe. 
The ice-constricted area at the control did not appear to 
change rapidly with changes in temperature, therefore the 
ice cover was retained and able to grow over a long period 
of time. 

The ice effects at station W-3 from December 22, 1969 to 
January 7, 1970 (figures 7a and 7b, Appendix B) began as 
typical surface ice formation effects and appropriate 
corrections were applied. The siphon effect started on 
De cento er 25 and continued until a correction was obtained 
on January 7, by clearing the ice from the control 
(Photograph 8 and Ice Sheet 9 , Appendix C) , After the 
siphon started, it continued in the same manner until 
January 1, when the amplitude of its fluctuations decreased 
somewhat. As below-freezing temperatures continued, the 
cross-sectional area at the control probably decreased 
witji the increase in thickness of the ice nappe and the 
ice adhering to the control. Assuming that the flow 

remained fairly constant during the siphon period, the 
flow velocity over the control probably increased as 
the area at the control gradually decreased with the 
constricting ice build-up , As the flow velocity increased, 
coupled with the increased ice nappe thickness, there was 
a gradual decrease in the stage at which the siphon cycle 
began. Photograph 9 was taken after the ice nappe over 
the control was cleared. It shows the remaining ice 
adhering directly to the control, constricting the width 
of the flow over the control. 




Photograph 8. 

Surface ice cover and nappe 
over control at gauging 
station W-3 
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Photograph 9, 

Taken after the ice nappe in 
Photograph 8 was cleared. 
Shows ice adhering directly to 
the control, constricting the 
width of flow 




After January 2, the siphon action was occurring without the 
evidence of backwater, as is shown by the hydrograph from 
January 2-7, where the start of the siphon effect is recorded 
below the estimated base flow level. Ml of the continuous 
fluctuations during this period were caused by siphon action, 
as verified by the elimination of the effect when the ice was 
cleared from Uie control on January 7 , returning the level 
back to that of open-water conditions. After the control was 
oleared, open-water conditions prevailed only for 24 hours 
before effects of ice formation were again evident. Backwater 
was then produced by surface ice which again resulted in 
siphon action on January 10. It is likely that the continued 
be low- free zing temperatures prevented any significant increase 
in surface runoff during the affected period. As the total 
correction obtained on January 7 indicated winter baseflow 
conditions , an approximating straight-line ice correction can 
be applied to the siphon action periods, both before and after 
the observed correction on January 7. 

Records from streamflow gauging station S-2 (Map 2, AppendiK A) 
from January 13-21, 1970 (Figure 8, Appendix B) show both 
surface ice and siphon effects. At the observation on January 
21, a siphon action appeared to be in effect; however, when the 
ice that was covering the weir pond and bridging the control 
was cleared, (Ice Sheet 10, Appendix C) the natural flow con- 
ditions were resumed at the lower gauge height of the siphon 
cycle. As the water level had not drawn down below that of 
tiie open-water Gondition during the siphon cycle, it would 
tend to indicate that a full siphon had not been in effect. 
At the time of the observation on January 21, the siphon 
action had appeared to have reached the point where the cycles 
were completely counteracting the backwater but were not 
siphoning the water level below the natural flow stage. Perhaps 
air began to enter the system before the open-water gauge 
height was reached. The amplitude of this backwater siphon 
increased in magnitude, perhaps as the air source was eliminated 
with continued ice buiid-up as the air temperatures remained 
below freezing. 
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Using the correction obtained on January 21 as a guideline, 
the low point on the hydrograph from 200 hours on January 
19, to 0100 hours on January 20, can be assumed to be under 
open-water conditions and was therefore used as a reference to 
which adjacent ice corrections were adjusted. With the 
decrease in temperature on January 14 and 19, the base flow 
is assumed to have decreasad, with the water level falling 
below the surface ice and creating open-water conditions. 
This baseflow decrease is verified by similar decreaseB at 
streamflow gauging stations S-3 and B-4 (Map 2 , Appendix A). 
Using these three points (January 14, January 19, January 21) 
of open-water conditions, taking into account the fact that 
there were insufficient increases in temperature to produce 
surface runoff, straight line corrections were applied 
between the individual open-water points , 

The preceding examples of siphon effects indicate that they 
do not always have the same effect on the hYdrograph with 
respect to the normal level of natural open-water conditions- 
Past records also show that no one station consistently shows 
the same trend in siphon action. 

Ice Jairming Corrections^ 

As observed at streamflow gauging station 0-4 (Map 3, 
Appendix A) on February 23, 1970 (Figure 9, Appendix B) , the 
water level on the downstream side of the control was backed up, 
rising approximately three feet above normal as a result 
of downstream ice jamming, causing complete submergence of the 
control (Ice Sheet 11, Appendix C) . Photograph 10 shows a similar 
situation but with only partial submergence of the control. As the 
downstream channel was completely blocked, it was impossible to 
entirely alleviate the backwater problem. The correction in gauge 
height on February 22 was made when the observer cleared the ice 
from the notch of the control. A partial correction was obtained 
on February 2 3 by manually clearing some of the jammed ice, but the 
backwater problem very quickly returned. Observations on February 
24 and 27 indicated that backwater was still present. 

From February 22 to March 1 , ice corrections were applied 
mainly by correlating gauge height fluGtuations with air temperatures 
Ice corrections for this particular period can only be classified 
as being of poor quality, as total gauge height corrections to which 
ice corrections could be adjusted, could not be obtained throughout 
the period- 






Photograph 10. 
Backwater causing partial 
subnergence of the control 
at gauging station 0-4 
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Ice Channelling Corrections 

At streamflow gauging station B-3 (Map 2, Appendix A), false 
gauge heights have been produced by the formation of ice 
channels in the weir pond. Here, due to flow disturbance 
caused by an upstream mill, the underside of the ice cover 
forms unevenly, perhaps as a result of the water-level 
fluctuations due to mill operations. Separated flow channels 
are also produced, as observed on January 4 and 13, 19 71 
(ice sheets 12 and 13, Appendix C) . At both observations, 
the staff-gauge readings in the weir pond were lower than those 
recorded in the gauge house. The staff gauge is located two 
feet upstream and to the left of the control and during these 
observations was free of surface ice cover, IVhen the surface 
ice was cleared from the weir pond during the observation on 
January 13 (Ice Sheet 13, Appendix C) , the intake to the stilling 
well was found to be located in the ice-divided flow channel on 
the left side of the stream. After the ice was cleared, the 
gauge height in the gauge house dropped while the outside reading 
at the staff gauge, which was always in an open-water area at the 
control, did not change. This indicated that the ice-separated 
flow channels had been producing a false gauge height at the 
recording gauge. The readings obtained at the recording gauge 
after clearing the ice from the weir pond matched those from the 
staff gauge indicating that when the controlling section is not 
influenced by ice formations , gauge height readings taken in 
this area will be comparable to true recording gauge readings. 
The formation of thick surface ice along with ice channelling in 
the weir pond appear to have caused increased pressure under the 
ice, thus affecting recording gauge readings. This pressure 
build-up is also indicated by the eddies and turbulence of the 
water as it leaves the ice-covered weir pond, just in front of 
the control (Photograph 11) . The photograph also shows the 
submergence of the control due to backwater caused by surface 
ice and jammed ice downs tremn of the control. 



Photograph 11. 
Surface ice in weir 
causing iEcreased pressure 
ill weir pond and surface 
ice downstream of control 
causing backwater and 
control submergence 
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2. While attempting to clear a section across the stream, 
ice channelling was also observed at streamflow gauging 
station 0-3 (Map 3, Appendix A), It is not known i 
however, if the recorded gauge height at this station 
was affected by the ice channels , as the thick ice cover, 
the extensive width of the stream and a natural control 
have prevented any successful attempt to obtain a 
corrected gauge height. 

Surface Ice Layering Corrections 

Surface ice layering has been observed at streamflow 
gauging station 0-2 (Map 3, Appendix A). Ice layering 
appears more prevalent at this location than at other 
streamflow stations under study. This is probably due to 
the usually heavier build-up of the initial surface ice 
layer at this station. 

During the observation on January 15, 19 71 (Figure 10, 
AppendiK B) , ice layering was not realized until a hole 
was chopped through the ice to the streambed near the 
stilling well intake. At this time, two ice layers with 
water flowing between them were found to exist (Ice Sheet 
14, Appendix C) . The intake was located in the water 
beneath the second ice layer. When the ice was cleared 
from the immediate area aroimd the staff gauge in the weir 
pond, the resulting gauge height reading from the water 
beneath the first ice layer was equal to that recorded 
inside the gauge house. This agreement indicated that 
the water between the ice layers was hydraulically connected 
to the water flowing beneath the initial or bottom ice layer, 
probably by holes along the streambank. If the water layers 
had not been hydraulically connected, the two gauge heights 
would have been different, the inside gauge reading only 
representing the flow beneath the initial ice layer and the 
backwater within that system. 

The sudden decrease in the gauge height shown on January 
15 was probably due to a decrease in ground-water inflow 
as a result of low temperatures, A similar gauge height 
decrease is also evident at the upstream gauging station 0-1 
(Location Map 3, Appendix A), The low -flow stage at this 
point was considered not to be directly influenced by ice 
formation at the station; thus it was assumed tha^ an open- 
water Gondition prevailed. As a total ice correction was 
not obtainable during the observation described above, all 
ice -corrected gauge heights are estimated according to the 
assumed low- flow open-water point for January 15, using 
available meteorological data and estimates of the approximate 
winter base flow. 

Frazil Ice Corrections 

With the rapid formation of surface ice at most of the 
streamflow gauging stations under study, the formation or 
presence of frazil ice has never been observed. For this 
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reason, a detailed description or case history of its 
effect on a stage-discharge relationship and consequent 
correction cannot be given. 

Anchor Ice Corrections 

1. Anchor ice has been observed to form in the stream 
channel at streamflow gauging station B-3 (Map 2, 
Appendix A) , mainly in the downstream channel where 

it has produced sufficient backwater to cause submergence 
of the control. By removing the anchor ice, gauge 
height corrections of up to 0,55 feet have been obtained. 

Anchor ice has been observed to re-form overnight 
to again cause re-submergence of the control. 

2. The formation of anchor ice has also been observed at 
streamflow gauging station W-2 (Map 2, Appendix A). 

At this location, anchor ice did not form in the stream 
channel, but only on the control. The control is 
constructed of rock- filled gabion baskets which provide 
a rough surface, resulting in sufficient turbulence to 
cause anchor ice formation. Due to the high velocity 
of the flow over the control, surface ice generally 
does not form. 

Anchor ice formation (Ice Sheet 15, Appendix C) was 
observed at station W-2 on December 28, 1970 (Figure 11, 
Appendix B) , It re-formed immediately after the control 
was cleared on that date and subsequently varied in magnitude 
with complementary changes in air temperature. 

The smaller more consistent amounts of backwater shown 
on the hydrograph from December 24-27, were likely due to 
heavy anchor ice formation at the ends of the control 
structure, causing nearly complete obstruction of flow in 
these areas. The larger, more erratic amounts of backwater 
indicated on DecendDer 28, were caused by anchor ice formation 
in the center of the control through which the major portion 
of the flow passes. On January 2, 1971, the natural release 
of the major portion of the anchor ice occurred when the air 
temperature increased to a point above freezing. 

Ice corrections at this station can be considered to be 
very accurate as the various gauge height fluctuations can 
be compared and related directly to those of the upstream 
gauging station W-1 (Map 2, Appendix A) , which remains under 
open-water conditions throughout the winter period. 

The preceding examples cover the most common effects of 
the various ice formations on streamflow hydrographs . The 
ice corrections applied employ typical methods to adjust 
ice-affected gauge heights to open-water conditions. As 
each type of ice formation does not always produce the same 
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effect O'n the streamflow hvdrO'graph , the previous exaiiiples 
of ice co^rrections can O'lily be used as guidelines for the 
interpretation of winter streamflow recO'rds. 

ICE P.REVENTION 

As ice formations at gauging sites strongly influence 
the recording of streamflow data, their minimization and 
preventio'n or reductio^n O'f their effect can substantially 
reduce 'the data errors intrO'duced during winter periods, 
Ihere are several precautions that should be taken in the 
selection O'f pO'tential gauging sites and in th,e construction 
O'f stations, in an attempt to minimize ox prevent ice 
formations . 

Se lection of Sdte and Control Structuxe Characteristics 

In order to minimize th,e formation of ice at a streamflow 
gauging station, the selection of the gauging station site 
sho^uld be made .and the station itself should be designed 
so as to be the least conducive as possible to ice formation - 
As the contro'lling sectiO'n and both the upstream and down- 
stream areas of the stream, channel should be kept as free 
of ice as possible, the station, shO'uld be const,ru,cted at a 
lO'Cation where the controlling section, will receive the 
maxim^um available sunlight; this effect will tend to retard 
initial ice formation, and, will also' accele,rate 'the rate O'f 
any ice break-up. If poss,ible, the ideal station location 
should have an 'unobstructed, unifcrm, channel downs'tream of 
the controlling section,- ice jams are thereby p,r'evented,, 
elimi'natlng backwater over the control. In choosing 'the 
location fox' a station, for which an ar'tificial control is to 
be designed,, it shO'Uld ,also be kept in mind 'th,a't fast flow 
'Velocities hinder ice f orma'tion, . For this reason, controls 
sho'uld be of the sharp-crested V-notch or rectangular type, 
rather than of a low or b road- ores ted design; they shO'uld 
also have adequate free-fall tO' reduce ttie chan,ce of backwater 
submerging the control, 

Duri,ng 'the construction, of some of the IHD stream,flow 
gauging stations, electric heating cables were installed 
directly into artificial controls. In all cases where 
heating cables v;ere incorporated into the design, the controls 
were of the broad -crested , concrete type. The heating cables 
were installed approximately two inches below the surface 
of the concrete and were placed so as to provide maximum heat 
at those areas where the ice would likely be in contact with 
the control. This method did not prove entirely satisfactory. 
Although tlie heat provided by the heating cable was sufficient 
to prevent the ice from adhering directly to the controls, it 
did not prevent ice from bridging over the controls. The 
benefit tlius derived from the use of incorporated heating 
cables is that the ice can be removed with relative ease to 
obtain a corrected gauge height. At stations with non-heated 
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controls, ice does not become detached from controls until 

teinperatures are favourable and increased stream flows can 
cause pressure build-ups under the ice in the weir ponds, 

thereby affecting gauge heights. 

To delay ice formation and to reduce the length O'f time 
that the ice remains attached to the control, the artificial 
controls that are directly exposed to sunlight were painted 
with a black enamel, co^nsisting of a modified chloirinated 
rubber base, resistant to moisture, fungi growth, alkalis and 
acids. The black --painted surface of the control increases 
the amount of solar radiation that is absorbed by the control 
structure. 'This was found tO' decrease the length of time that 
the ice remained attached to the controls during th,© spring 
break-up. Photograph No. 12 of streamflow gauging station 
0-'4 fMap 3, Appendix A,) shows the effects O'f the black surface 
of the control on the ice in the weir pond. The heat absorbed 
by the control was sufficient to melt the ice that had been 
adliering directly onto the surface O'f the control. Under 
normal conditions, with no black paint, this ice could not 
likely have become detached until some time after the stream- 
flow had significantly increased, with increasing temperatures. 
The control at 0-4 was initially operated witliO'Ut the black 
paint and significant problems in clearing ice from the 
control were experienced. Photograph #7, page 17, shows the 
ice floating free O'f the control when the streara,floW' increased. 



Photograph 12. 
Black surface of control at 
gauging station 0-4 absorbs 
sufficient heat to keep ice 
from adhering to control 




le a Prevention in the Stream Channel 

In an attempt to arrive at effective techniques for the 
prevention O'f ice fo^rmation in stream channels , various pos^sible 
solutions were cO'nsidered in detail. The problem was to design 

suitable equipment that could be used to keep ice from fo'rming 
and/or to reduce the time required t.O' clear ice from, a given 
section. Various ideas that could be used for ice prevention 

and clearing were considered; 'however, due toi the limitations 
of water depth and the quantity of discharge involved wi,th the 
streams under study, they did not appear feasible. The following 
were the main ideas reviewed and the reasoning for their rejection 

a) Air bubbling system? 
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An air bubbling system in a weir pond upstream of a 
control would not likely keep a section open as an approxi- 
mate minimum depth of eight feet of water is required to 
produce convectional overturn of warm water from the bottom 
of the weir pond. With shallow depths considered, it was 
suggested that a heat source be located beside the air bubbler 
system to provide the required heat. This would prove 
uneconomical, however, as the continuously moving water would 
require a very large quantity of heat to sufficiently increase 
the water temperature to prevent freezing. 

b) Floating heating carpet: 

A heating carpet constructed of a grid-work of 1/4-inch 
diameter heating cables , covered with an asbestos and vinyl 
air mat was also suggested. This ida was rejected for 
various reasons, the major one being that a very small grid 
network of heating cables would be required to completely melt 
the ice. This would prove very costly in construction and in 
the amount of electrical power required for efficient operation. 

G ) I n f 1 at ab 1 e cy 1 i nde r i 

The use of a large-diameter inflatable cylinder that 
would span the stream was considered. If it were secured in 
a manner such that tlie lower half of it would be in the 
water, surface ice would be prevented from forming in that 
area of the stream cross-section. After the surface ice cover 
had formed, above and below tJie cylinder, the cylinder would 
be deflated and removed and a streamflow current meter could be 
inserted into the water in the open section to obtain a 
discharge measurement. This method of ice prevention was also 
rejected as the flow in the relatively shallow streams would 
be completely blocked off by the cylinder, creating further 
problems. 

All proposed methods of clearing ice, or of keeping a 
section of the stream clear of ice, appear to have disadvantages, 
largely as a result of the shallow depths, small flows and 
uniform \^?ater temperatures which would require large amounts of 
heat to prevent ice formation. 

Ice Prevention in the Gauge-House Stilling Well and Intake Pipe 

Whereas ice formations in the weir pond, at the control 
or in the stream channel may produce inaccurate records, ice 
formations in the gauge-house stilling well or the intake pipe 
to the stilling well result in the actual loss of records, 

T'Then a float-activated stage-recorder is set on a stilling 
well, ice must be prevented from forming in the well so that 
the float can move freely with the corresponding fluctuations 
of the stream water level. Several methods can be used to 
prevent ice from forming in this area. If possible, the stilling 
well should be installed so that the water level in the well is 
below the frost line in the strearabank. Additional protection 
against freezing in the stilling well may be gained by the use 
of a sub-floor, or frost barrier, by the use of oil and/or by 
the use of an external heat source. 
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The use of a sub -floor or frost barrier placed in the 
stilling well, between the main floor of the recorder 
shelter and the water level, reduces the loss of heat from 
the well, preserving the natural heat from the surrounding 
streambank and to some extent the heat of the water, to 
prevent ice formation. The sub- floor should be placed 
below the frost line, but should not interfere with the 
normal fluctuations of the recorder float. 



The addition of several gallons of oil in the stilling 
well may sufficiently suppress the water surface to a level 
below the frost line where it will not freeze. Alternatively, 
in a large "diameter stilling well, a small-diameter auxiliary 
pipe containing the oil, can be placed within the stilling 
well. The auxiliary pipe must be large enough to accommodate 
the recorder float and must be open at the bottom to provide 
free access of the water in the stilling well. As the 
specific gravity of the oil is less than that of water, the 
surface of the oil in the stilling well, or in the auxiliary 
tube, will be higher than that of the corresponding water 
level in the well. Also the float will ride lower in the 
oil than it would in tlie water. Consequently, when using 
oil, the setting of the water-stage recorder must be adjusted 
to match the corresponding open-water reading obtained via 
.iiii^ > an outside gauge in the weir pond. 

The most effective means of preventing ice formation 
in the stilling well and in the intake pipe is by use of 
an external heat source. If available, the most effective 
source of heat is obtained from electric current. For the 
"- -. prevention of ice formation in the stilling well, heat may 
be provided by space heaters, immersion heating cables or 
, heat bulbs suspended in the stilling well. Various forms 
of gas heaters can be used where electricity is not available. 

At the IHD streamflow gauging stations under study, 
immersed electric heating cables are used to prevent ice 
formation in the stilling wells and in the intake pipes 
leading to the weir ponds. At most installations, two 
sets of heating cables are used; one is suspended directly 
into the water in the stilling well and the other is 
installed inside the intake pipe to a distance approximately 
two inches from its end in the stream. This type of 
^ installation has been found very successful in eliminating 
all freezing problems in stilling wells and in intake pipes. 
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CONCLUSIONS 

Due to varying forms of ice formations, the winter period 
is recognized as the season for which streamflow discharge 
records usually have a low degree of reliability. To increase 
the accuracy of the final interpreted records for this period, 
it is necessary to apply corrections to the ice-affected 
discharge records obtained in the field. 



The application of ice corrections requires a thoroi 
miderstanding of the effects that the various ice formations 
have upon open-water stage-discharge relationships. This 
understanding, together with the knowledge of characteristics 
of the controls , their locations and the ice formations that 
are common to the different streamflow gauging stations, can 
be used to provide reasonably accurate winter discharge 
records. The accuracy of the winter records also depends 
on the number of field observations made to obtain a correGted 
gauge height or a discharge measurement, or simply to obtain 
information on the existing ice formation. 

Using the information on the operating conditions of the 
individual streamflow gauging stations and the ice formations 
associated with them, the examples of ice formation effects 
on the stream- stage hydrograph and the consequent corrections 
can be used as guidelines by which ice -affected stage records 
can be corrected to allow the use of the open-water stage- 
dis ch arge re lationsh ips , 

There does not appear to be a ready solution to the 
problems of ice prevention or ice clearing in streams with 
shallow depths, low water velocities and low winter discharges. 
Specific criteria for station site and control selection 
relative to winter operations should therefore be followed 
closely when planning a streamflow gauging station network,' 
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APPENDIX B 

STREAMFLOW HYDRQGRAPHS AND ICE CORRECTIONS 

Time Scale 1.2" = 24 hrs 
Vert. Scale - as shown 
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Figure I, Stream- stage hydrograph for station S-2, Mar. 



to Apr. 4/70. 
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Figure 2. Stream-sfagi hydrograph for station B- 1, Jan. 23/69 to Jan. 31/69. 
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Figure 3. Stream-stage hydrograph for station W-3, Dec.18/70 - Dec. 28/70. 
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Figure 4a. Streani-stage hydrograph for station S-3, Dec. 28/67 -Jan.7/68 
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Figure 4b. Stream-stage hydrograph for station S-3j Jan.7/68 -Jon. 15/68 
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Figure 4c. Stream-stage hydrograph for station S-3, Jon. 15/68 - Jan. 25/68. 
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Figure 5. Stream -stage hydrograph for station B-l, Jan. 2/68 - Jan. 11/68 
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Figure 6. Stream -stage hydrograph for station B-l, Feb. 7/68 - Feb. 16/68. 
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Figure 7a. Stream -stage hydrograph for station W -3, Dec. 22/69 - Dea3 1/69 



^^2*-*^ ■(,;"!,..!#£ '^^f" '^ 



^^p^ssT' '^'^^^(^^^r^^^m^''^ 



-^^sppr^s^^f^^r 



^-^^5^'^' *?'-^-=^5i!^7?7?--'- 



1 



Jan. / 70 



f 



»■ 




Fig ore 7 b. Stream- stage hy drograph for station W-3, Jan. I /TO -Jan. 10/70. 
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Figure 8. Strecim- stage hydrograph for station S-2, JanJ3/70 - Jan. 23/70. 
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Figure 9. Stream -stage hydrograph for station 0-4, Feb. 19/70 -Mar. 1/70. 
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Figure 10. Stream- stage hydrograph for station 0-2, Jan.ll/71 - Jan 21 /7I 
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Figyre II. SIream-stage hydrograph for station W-2, Dec. 24/70 -Jan. 2/71 
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APPENDIX C 



ICE SHEETS 
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Station: W-3 

DATE: Dec. 20/ 70 
TIME: 1 1 ■00am. 
OBSERVER; BA 




Section A- A 



cohifpl 



Notas: 



-No backwater 
-Ice bridging control 
-Space between ice 3 fiow 
-I/4" ici itlll on sides of control 
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^^■w^- 



^^1S?:TOtr7BF;-^.W~'5-!~5-'- ■■' 




Ice sheet 3 



Station: S-3 
DATE: Jan. 3/68. 
TIME: 6:30 
TiMR: dO^F. 
STAFF eAUOE: 0.45 




Seals: ll"=7.5' tapprox.) 



Ice sheet 4 
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Ice sheet 5 



station: S-3 

DATE : Jon. 10 a 11/68. 

TIIVIE! 3= 00pm. 

TEMP,: IO«F. 

STAFF GAUGE : Frozen 

OBSERVER: R.M. 




Seali: l"= 7.5' tapprox.) 



Ice sheet 6 
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Seal© ! r= 7, 5' (Qpprox.) 



Station: S-3 
DATE: Jan, 18/68. 
TIME: IliOOom. 
TEMP.:320R 
STAFF eAUGE- 83.22 
OBSERVER: RM. 
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Ice sheet 9 
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tea sheat II 



N- 



Station: B-3 
DAT1E: Jan. 4/ 71. 
TiyE: I2ni5pm. 
OBSERVER: B.J. 




NQti: 



.No Gorrttctkin due to backwater A, 
but probably correction due to 
pressure build-up in weir pond 

dijt to .ridiiced area. 
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Ice sheet 13 



i^- ..--jisr^ - 







i 



Station: W-2 
DATE; Dec. 28/ 70. 
TIME: 1 1:50 am 
STAFF GAUGE: 92.48 
OBSERVER: BJ. 
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Scale: rs5'(opprox.) 
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